Abstract Aluminum antimony seems to be a promising semiconducting material for high temperature applications, especially for transistors and P-N junction diodes. Additionally, it is a highly efficient solar material. This paper discusses the plasma induced bilayer diffusion of AlSb bilayer thin films using X-ray diffractogram. AlSb bilayer thin films were prepared on a glass substrate by vacuum evaporation technique. The effect of plasma exposure time and annealing temperature on the micro-structural parameters were investigated. X-ray diffraction studies show that the cubic crystals of Al orient along the (111) plane and the hexagonal crystals of Sb orient along the (003) plane. Newly formed cubic crystals of AlSb are oriented along the (200) plane and they are formed due to the simultaneous growth of Al and Sb crystals during plasma exposure.
Introduction
Aluminum antimony (AlSb) is a promising semiconducting material for room temperature applications, especially for high efficiency solar cells, transistors and P-N junction diodes, due to its small band gap of 1.62 eV [1, 2] . AlSb crystals are normally synthesized by the crystal growth method [3] . However, the application of AlSb compound in a device needs AlSb crystals in thin film form. The properties of AlSb in thin films will vary with their composition. AlSb with well defined composition can be formed in thin film form by stack elemental layer deposition and their intermixing [1,4∼6] , and the mixing of the bilayer films is explained previously by a thermal spike model [7] . A variety of preparation techniques have been reported so far to obtain AlSb compound semiconductor systems. Some of the bilayer intermixing techniques are bilayer annealing, rapid thermal annealing [4] and swift heavy ion beam mixing [1] . It is seen from a literature survey that few attempts have been made to prepare III-V elements of an AlSb structure by plasma exposure and all the reported studies of AlSb deal only with qualitative observations. Quantitative determination of microstructural parameters like crystallite size, microstrain, dislocation density and stacking fault probability have not yet been studied for AlSb bilayer thin film and this paper discusses a quantitative analysis of the AlSb bilayer film after plasma exposure and after annealing. Knowledge of the microstructural analysis may provide valuable information on the optimum conditions to form AlSb compound in a bilayer AlSb thin film.
The shape of the X-ray profile of thin film gives information about the microstructural parameters that can explain the microstructural variations in the films. Microstructural parameters such as particle size, micro strain, dislocation density and stacking fault probability are expected to influence the physicochemical properties of the films.
In the present work, AlSb bilayer thin films were deposited on a glass substrate by vacuum evaporation technique. The prepared samples were exposed to plasma to study the effect of plasma on the films. The effects of temperature on the deposited films were also studied by annealing the samples.
Experiment

Preparation of AlSb bilayer thin film
High purity aluminum (99.99%) thin foils and pure antimony (99.5%) were obtained from Sigma Aldrich Chemicals, USA, to prepare AlSb bilayer thin films. Bilayer structure of AlSb was deposited onto a glass substrate by the thermal evaporation method at a pressure of 5.5×10 −6 Torr using HIND HI VACUUM Coating unit. The glass substrates were placed in the substrate holder 14 cm above the molybdenum boat carrying the material. The bilayer of AlSb thin films were prepared by the stack elemental method. An antimony coating (1000Å) first and an aluminum (2250Å) coating next were deposited over the transparent Sb thin film. The thickness of the films was measured in situ using a quartz crystal thickness monitor.
Heat treatment
The samples were annealed at 473 K for 2 h and 1 h, respectively, and another sample was annealed at 373 K for 2 h, all at a pressure of 10 −3 Torr.
Plasma treatment
A cylindrical stainless steel plasma chamber was used in this experiment which has three segments, namely, cylindrical chamber, vacuum pumping system and power supply. A schematic diagram of the plasma chamber used for this experiment is shown in Fig. 1 . The cylindrical part of this chamber is 50 cm in length and 25 cm in diameter and has four viewing ports. A diffusion pump was used to evacuate the chamber to a pressure of 0.2 Torr and the chamber pressure was measured by a thermal conductivity gauge (pirani gauge) that can measure pressure in the range of 0.5 Torr∼10 −3 Torr.
Fig.1 Schematic diagram of plasma chamber
The chamber and the electrodes were cleaned by acetone and the copper electrodes were placed inside the chamber through both sides of the cylindrical chamber and connected to the DC power supply. Then each sample was placed inside the plasma chamber using a stainless sample holder and it was assured that the coated surface of the film faced the cathode.
The electrodes were placed 5 cm apart and the sample was placed 2 cm apart from the cathode. A pressure of 0.2 Torr was maintained inside the chamber and a voltage of 350 V was applied to each sample. The electron temperature was calculated as 4.06×10
6 K and the ambient temperature was 100
• C for 30 minutes of treatment, which was measured by a thermo couple.
The samples were exposed to plasma for 10 minutes, 20 minutes and 1 hour respectively for the above mentioned plasma parameters for mixing the bilayer material.
X-ray diffraction study
The X-ray diffraction patterns of the samples were recorded using "Shimadzu Model XRD 6000" and the counter was set to scan over a range of 2θ values (10 deg∼80 deg) with a scan speed of 5 deg/min. The X-ray diffraction patterns of the bilayer thin films are shown in Fig. 2 . 2 shows the XRD patterns of (a) as deposited film, (b) plasma exposed for 10 minutes, (c) plasma exposed for 20 minutes, (d) plasma exposed for 60 minutes, (e) annealed for 1 h at 473 K, (f) annealed for 2 h at 373 K, (g) annealed for 2 h at 473 K. Peaks in the diffractogram were indexed and the corresponding values of interplanar spacing 'd' were calculated and compared with the standard ASTM values. A peak in intensity occurs when the sample contains lattice planes with d-spacing appropriate to diffract X-rays at that value of 'θ'. Diffracted waves from different atoms interfere with each other and the resultant intensity distribution is strongly modulated by this interaction. If the atoms are arranged in a periodic manner as in the crystals, the diffracted ray consists of sharp interference maxima or peaks with the same symmetry as in the distribution of atoms. Measuring the diffraction patterns allows us to deduce the distribution of atoms in the sample and to identify the materials in the sample. It is also observed from the above X-ray diffractogram that the crystallites of Al preferentially oriented along the (111) plane and the crystallites of Sb oriented along the (003) plane. A very small new peak is observed in Fig. 2(c) for the sample exposed to plasma for 20 minutes and this confirms the formation of AlSb crystals that tend to orient along the (200) plane in the form of cubic crystals, which is confirmed from the ASTM data.
Mixing of these Al and Sb layers is clearly understood from the variations in the intensity of the X-ray diffraction peaks. The lower layer gives less intensity when compared to the upper layer because of the smaller number of photons reflecting from the lower layer. The intensity of the major peaks of Al and Sb is varied with the plasma exposure time and with the annealing temperature because of the inter-diffusion of Al and Sb. Similar effects were also observed in a swift heavy ion irradiated sample [1] . The intensity of Sb is increased when compared to the as deposited sample because of the growth of the Sb crystals along the (003) plane. A new peak is observed in the sample exposed to plasma for 20 minutes as shown in Fig. 2(c) , and that peak corresponds to the AlSb cubic structure. The grain size or particle size of the newly formed AlSb crystal is calculated as 22.2 nm.
From the XRD profiles, the grain size (D) is determined using the Scherrer's formula [8] ,
where 'k is the shape factor (≈0.94), 'λ' is the wavelength of the X-rays (1.5406Å for Cu Kα ), 'θ' the Bragg's angle, and 'β' the full width at half maximum. The dislocation density is defined as the length of dislocation density lines per unit volume of crystals [8] . The dislocation density (δ) is evaluated from the grain size (D) by the following relation,
The micro strain (ε) is obtained from the relation
The lattice constant of Al, Sb and AlSb cells is computed using the relation [8] 
The stacking fault probability 'α' is the fraction of layers undergoing stacking sequence faults in a given crystal and hence one fault is expected to be found in '1/α' layer. The presence of stacking fault gives rise to a shift in the peak positions for different reflections with respect to ideal positions of a fault free sample. The stacking fault probability is calculated from the peak shift (2θ) [9] .
From the above Eq. (5) the stacking fault probability is calculated by measuring the peak shift with the ideal sample.
The microstructural parameters such as the crystallite size, dislocation density, stacking fault and cell parameters are calculated and summarized in Table 1 . Graphs are drawn for crystallite size vs. exposure time to plasma (Fig. 3) , crystallite size vs. annealing temperature (Fig. 4) and crystallite size vs. annealing time (Fig. 5) to analyze the growth of the crystals. Comparison of these graphs shows that the growth of AlSb is possible only when the Al and Sb crystals aggregate simultaneously. Even though the annealing at 473
• C helped to grow the crystals simultaneously but the faster aggregation of Al crystals impeded the formation of AlSb crystals in the annealed sample. 
Conclusion
It is concluded from the X-ray diffraction studies of the bilayer samples that the plasma exposure and annealing of the samples help to inter-mix the layers of a bilayer thin film. This processing method allows us to obtain crystals of AlSb. Plasma treatment reduces the time needed for annealing and the processing optimization is expected to produce crystals of AlSb suitable for gamma ray detection at room temperature and solar cells of AlSb active to the solar spectrum.
